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ABSTRACT
Monodisperse and pure phase zirconia (tetragonal: T-ZrO2; monoclinic: M-ZrO2) nanocrystals with fi nely tuned 
sizes as well as ultrathin T-ZrO2 nanowires have been selectively synthesized by a facile solvothermal method. 
For the fi rst time, a diagram of the size to effective strain was mapped for both T-ZrO2 and M-ZrO2, which gives 
a good explanation for the size- and cation doping-dependent stability of the two phases on the sub-10 nm 
scale. This work may expand our understanding of the phase properties of not only zirconia, but also various 
other polymorphic nanocrystals.
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Introduction
Nanocrystalline zirconia has attracted considerable 
attention recently for its technological importance as 
a ceramic component, and as a catalyst for various 
reactions. Pure zirconia exhibits polymorphism, being 
cubic at high temperature (> 2300 °C), tetragonal 
at intermediate temperature, and monoclinic at 
relatively low temperature (< 1100 °C). The tetragonal-
monoclinic martensitic phase transformation 
of zirconia can also be triggered by stresses, 
accompanied by a volume change. Zirconia (or doped 
zirconia) dispersed in ceramics has long been applied 
to increase the fracture toughness, strength, and 
hardness [1 3]. A widely used catalyst and catalyst 
support, zirconia catalyzes alcohol dehydration [4, 
5], CO/CO2 hydrogenation [6], alkane isomerization 
[7], selective oxidation of alcohols and alkanes [8, 9], 
hydrogenation of olefins [10], and isomerization of 
olefi ns and epoxides [11, 12]. Different zirconia phases 
(monoclinic and tetragonal) exhibit different catalyst 
selectivities, such as in the selective hydrogenation 
of CO and alkane isomerization reactions [13 15]. 
Besides, ZrO2 also finds applications as fuel cell 
electrode materials [16], chemical sensors [17, 18], 
heat resistant coatings [19], optical coatings [20], and 
high-k dielectric materials [21], etc.
Since it is recognized that well crystallized 
nanocrystals will lead to improved mechanical, 
chemical, and catalytic properties [22 24], various 
methods have been developed to synthesize 
zirconia nanocrystals, including hydrothermal 
synthesis [25], sol–gel synthesis [26], spray pyrolysis 
[27], mechanochemical processing [28], and two-
phase synthesis [29].  Most of these products 
suffer from broad particle size distributions and 
severe aggregation, however. To enhance the 
performance, materials with well-defined phase, 
Nano Research
892 Nano Res (2009) 2: 891 902
size, and morphology are required. Hyeon et al. 
reported a nonhydrolytic sol–gel reaction between 
zirconium(IV) n-propoxide and zirconium(IV) 
chloride at 340 °C to synthesize monodispersed 
tetragonal (T-ZrO2) nanocrystals [30]. Zhao et al. 
developed a two-phase approach for the synthesis 
of shape-controlled zirconia nanocrystals from 
zirconium(IV) n-propoxide, but the product suffered 
from the presence of polymorphs:  both monoclinic 
and tetragonal phases co-existed [31]. Therefore, the 
synthesis of monodisperse pure-phase T-ZrO2 and 
monoclinic (M-ZrO2) nanocrystals with good size 
controllability is urgently required. In this paper, 
we report a new single-phase solution method to 
synthesize monodisperse pure T-ZrO2 and M-ZrO2 
nanocrystals with fi nely tuned sizes, as well as T-ZrO2 
ultrathin nanowires. The stabilization of T-ZrO2 
with yttrium(III) doping was also investigated. The 
resulting materials show unique phase related size–
strain features.
1. Experimental
1.1 Preparation of zirconyl oleate 
1.6 g of ZrOCl2·8H2O (AR, Sinopharm Chemical 
Reagent Co.) was dissolved in 10 mL of deionized 
H2O to form solution A; 3.1 g of sodium oleate (> 98%, 
Beijing Chemical Reagent Co.) was ultrasonically 
dissolved in 20 mL of deionized H2O and 25 mL of 
ethanol (AR) to form solution B. Then solutions A and 
B were mixed. Excess cyclohexane (40 mL) was added 
in order to extract zirconyl oleate, with stirring for 
20 min. The upper organic layer was separated, the 
cyclohexane was distilled off, and the residue washed 
with water and dried to give zirconyl oleate. Yttrium 
oleate was prepared in a similar way by using 
Y(NO3)3·6H2O.
1.2 A typical synthesis of M-ZrO2 nanocrystals
0.5 g of zirconyl oleate was dissolved in a mixture 
of 8 mL of oleic acid (AR), 1 mL of oleylamine (C18-
content 80% 90%, Acros), and 4 mL of ethanol. The 
mixture was transferred into a Tefl on-lined stainless 
steel autoclave and heated at 200 °C for 2 days. 
After cooling down, excess ethanol was added to 
precipitate the white product, which was collected by 
centrifugation, further washed twice by cyclohexane 
and ethanol and redispersed in a nonpolar solvent 
such as cyclohexane to form a clear solution. The 
sizes of the M-ZrO2 nanocrystals can be tuned from 
8.0 nm to 2.8 nm by shortening the reaction time 
from 2 days to 4 h. When n-butanol was used in place 
of ethanol, fl ower- or string-like M-ZrO2 nanocrystals 
structures were obtained. The infl uence of the chain 
length of the alcohol on the phase of ZrO2 obtained is 
discussed below.
1.3 Synthesis of T-ZrO2 nanocrystals
0.5 g of zirconyl oleate was dissolved in a mixture of 
0.4 mL of oleic acid, 1 mL of oleylamine, and 10 mL of 
n-octane (AR). The mixture was allowed to react at 
200 °C for 2 days. The sizes of the T-ZrO2 nanocrystals 
can be tuned from 3.0 nm to 0.8 nm by shortening the 
reaction time from 2 days to 4 h. Using n-hexanol in 
place of ethanol also yielded T-ZrO2 nanocrystals.
1.4 Synthesis of T-ZrO2 ultrathin nanowires
0.5 g of zirconyl oleate was dissolved in a mixture of 
1 mL of oleylamine and 10 mL of cyclohexane. The 
mixture was reacted at 200 °C for 3 days. The white 
gel-like product was ultrasonically washed with 
cyclohexane.
1.5 Synthesis of yttrium doped T-ZrO2 nanocrystals
An appropriate amount of yttrium oleate was 
added to the system used to synthesize M-ZrO2 
nanocrystals. 
1.6 Characterization
The phase purity of the products was verified by 
powder X-ray diffraction (XRD) on a Bruker D8 
Advance X-ray diffractometer using Cu Kα radiation 
(λ = 1.5418 Å). The sizes and morphologies of the 
nanocrystals were measured using a JEOL JEM-
1200EX transmission electron microscope (TEM) 
at 120 kV, and a Tecnai G2 F20 S-Twin high-
resolution transmission electron microscope 
(HRTEM) at 200 kV. UV-vis absorption spectra were 
measured on a Hitachi U-3010 spectrophotometer. 
Photoluminescence (PL) spectra were recorded with 
a Hitachi F-4500 fl uorescence spectrophotometer. FT-
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IR spectroscopy was performed using a Nicolet 560 
spectrometer.
2. Results and discussion
2.1 Phase and structure characterization
TEM and HRTEM images of the M-ZrO2 nanocrystals, 
T-ZrO2 nanocrystals, and T-ZrO2 ultrathin nanowires 
are shown in Fig. 1. The XRD patterns indicate that 
both the M-ZrO2 and T-ZrO2 nanocrystals/nanowires 
are phase pure, agreeing well with JCPDS # 88-2390 
and JCPDS # 80-0965, respectively. The T-ZrO2 
ultrathin nanowires are curved and branched in 
morphology and have broadened XRD peaks, 
Figure 1 TEM, HRTEM, and XRD images of M-ZrO2 nanocrystals (a), (b) and (c); T-ZrO2 nanocrystals (d), (e) and (f); and 
ultrathin T-ZrO2 nanowires (g), (h) and (i), respectively
indicating an ultra-small diameter. Measured from 
the HRTEM images (see Figs. 1(g) and 1(h)), the 
average diameter of the T-ZrO2 nanowires is ~1.2 
nm, consistent with the XRD result. The M-ZrO2 
nanocrystals are irregular in shape, while the T-ZrO2 
nanocrystals have a relatively spherical shape. The 
sizes of the M-ZrO2 and T-ZrO2 nanocrystals can be 
tuned from 8.0 nm to 2.8 nm, and 3.0 nm to 0.8 nm, 
respectively, by shortening the reaction time from 
2 days to 4 h. Based on the formalism of Filipovich 
and Kalinina [32], Garvie, Mitsuhashi, Bailey, et al. 
predicted that T-ZrO2 (as spherical crystals) should 
be the stable phase (not metastable) below a critical 
size of about 10 nm at 298 K [33 38]. However, our 
results show that, both pure T-ZrO2 and M-ZrO2 
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nanocrystals within this size limit can be stabilized 
at ambient temperature, indicating that special 
stabilizing mechanisms are in operation. The fine 
controllability of the nanocrystal sizes of pure phase 
T-ZrO2 and M-ZrO2 in the range < 10 nm gives an 
ideal opportunity to probe deeper into the physics of 
the nano size-related phase transformation/stability.
2.2 Control of morphology: Effect of acid and amine
In the synthesis of ultrathin T-ZrO2 nanowires, only 
oleylamine (without oleic acid) was utilized as the 
capping agent. By controlling the reaction time, it was 
found that the formation of the nanowires followed 
a typical oriented attachment growth mechanism. 
In the primary stage, T-ZrO2 nanocrystal seeds were 
incubated. Then the seeds aggregated and attached. 
Finally, the ripened nanowires came into being. When 
a smaller amount of oleic acid (0.1 mL) was used in 
place of that (0.4 mL) required to synthesize T-ZrO2 
nanocrystals in n-octane with the same amount of 
oleylamine (1 mL), a pearl-string like structured 
T-ZrO2 appeared (Figs. 2(d) and 2(e)), which we 
believe is an intermediate stage in the synthesis of 
the ripened nanowires. It probably arises because the 
oleylamine was selectively anchored to some specifi c 
T-ZrO2 surfaces (or capping less tightly to some 
faces), facilitating the oriented attachment along the 
less capped crystal planes; the oleic acid was less 
sensitive to different nanocrystal planes and capped 
all the surfaces indiscriminately (or capping more 
tightly), therefore, prohibiting the attachment of other 
seeds and resulting in the formation of dispersed 
nanocrystals instead of the ultrathin nanowires. This 
is consistent with the Derjaguin–Landau–Verwey–
Overbeek (DLVO) model, which states that higher 
surface covering ratios of ligands lead to larger 
steric repulsion between nanocrystals, and therefore 
the oriented attachment is weakened [39 43]. The 
increase in size (compare Figs. 1(g), 1(h) and Figs. 
2(d), 2(e)) confi rms this hypothesis: under conditions 
of less capping, the nucleation is boosted; in contrast, 
under conditions of strong capping and/or longer 
chain solvents, the nucleation is retarded and growth 
dominates. The schematic mechanism is shown in 
Fig. 2(f). The selective capping property of oleylamine 
has also been suggested as a reason for the formation 
of other ultrathin nanowires, e.g., SnO2, InOOH, and 
Au [44 46]. The FT-IR measurements also provide 
supporting evidence (Figs. 2(g) and 2(h)). The C═O 
stretching vibration mode at 1738 cm 1 was clearly 
observed  in  the  FT- IR  spec t rum of  T-ZrO 2 
nanocrystals, which were synthesized in the oleic 
acid-containing system. The peak shifts from 
that of free oleic acid at 1708 cm 1, indicating the 
coordination interaction with the nanocrystals. The 
bands in the range 2800 3000 cm 1 are the CH2 and 
CH3 symmetric and asymmetric stretching vibrations. 
The broad peak at ~3400 cm 1 is assigned to absorbed 
H2O or O H groups. The multiple peaks in the range 
1000 1700 cm 1 can be assigned to the N H, C H, 
COO , and H2O modes or their mixtures. The strong 
peaks in the range 400 700 cm 1 are Zr O vibration 
modes.
2.3 Phase control: Effect of alcohols with different 
chain length
By introducing ethanol into the system, we found 
that pure monoclinic phase zirconia nanocrystals 
were obtained. Zhao and co-workers have previously 
reported that, when increasing the hydrocarbon 
chain length of the capping agents (carboxylic acids), 
the fraction of monoclinic zirconia decreased [31]. In 
our synthesis system, a similar effect was found in 
that, when substituting ethanol with a longer chain 
alcohol (n-hexanol), pure tetragonal phased zirconia 
nanocrystals were obtained. This suggests that the 
formation of either a tetragonal or a monoclinic 
phase was determined by different reaction kinetic 
process. The pyrolysis of zirconyl oleate yields 
T-ZrO2, while the alcohol-induced esterification 
and hydrolysis reactions prevail [44, 47], M-ZrO2 is 
obtained. When shortening the reaction time, only an 
amorphous precursor (neither T-ZrO2 nor M-ZrO2) 
could be separated before M-ZrO2 nucleation. The 
results differ from the size-related T-ZrO2–M-ZrO2 
martensitic transformation that was indicated in the 
two-phase synthesis system, in which the M-ZrO2 
volume fraction increased with increasing size 
during the reaction stages [31]. This suggests an 
alternative mechanism in which the reaction-growth 
type (pyrolysis vs. esterification/hydrolysis) could 
be responsible for the T-ZrO2 or M-ZrO2 nucleation; 
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this is further supported by the size–strain analysis 
discussed below. Otherwise, the T-ZrO2 nucleation 
and martensitic transformation will be triggered 
instantaneously and essentially simultaneously such 
that they can hardly be separated. When n-butanol, 
an alcohol with medium chain length, was used, the 
as synthesized M-ZrO2 nanocrystals tended to attach 
to form flower- or string-like structures, as shown 
in Figs. 2(a) 2(c). This can be understood in terms 
of the effective dielectric constant tuned attachment 
mechanism [44].
Figure 2 (a) (c) Attached M-ZrO2 nanocrystals showing fl ower- or string-like structures. (d), (e) Pearl-
string like structured T-ZrO2 was obtained when a smaller ratio of oleic acid to oleylamine was present 
than that required for synthesis of T-ZrO2 NWs. (f) Schematic illustration of the different capping 
properties of oleylamine and oleic acid that result in the formation of zirconia nanowires and separate 
nanocrystals depending on the ratio of the capping species, and the evidence for this mechanism found 
in the FT-IR spectra (g) and (h)
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2.4 Doping-induced phase stabilization
It has long been recognized that the polymorphism 
of zirconia can be tuned by cation doping (Y3+, Yb3+, 
Ca2+, Mg2+, Ce4+, etc.) [48, 49]. Of these, yttrium(III) 
is widely used as a stabilizer of the tetragonal phase. 
When yttrium oleate was introduced into the typical 
M-ZrO2 synthesis system, yttrium-stabilized T-ZrO2 
nanocrystals were obtained. The TEM image is 
shown in Fig. 3(a) and the X-ray energy dispersive 
spectra (EDS) in Fig. 3(b) confirm that the yttrium 
content increases with the doping level. A similar 
stabilization was achieved when using lanthanide 
ions (e.g., Eu3+, Yb3+). The XRD peaks undergo a 
gradual broadening and a shift to the small angle 
direction when the Y3+ doping level increases from 2% 
to 30% (cation ratio, ±1.2% from the EDS quantitative 
analysis), indicating a decrease of crystallite size and 
increase of lattice constant, respectively (Figs. 3(c)
3(e)). This is consistent with the fact that the radius 
of Y3+ (0.102 nm) is larger than that of Zr4+ (0.084 nm). 
The monoclinic phase was retained when yttrium 
oleate is added in the ripening stage of M-ZrO2. 
Therefore, the ion doping must occur during the ZrO2 
nucleation and growth stages.  
2 . 5  D i s s o l u t i o n – r e c r y s t a l l i z a t i o n  p h a s e 
transformation
The T-ZrO2 to M-ZrO2 transformation was also 
revealed by hydrothermally treating T-ZrO2 
nanocrystals at 200 °C under basic conditions (NaOH: 
1 5 mol/L). The as formed M-ZrO2 nanocrystals have 
a size of 20 100 nm. The dissolution–recrystallization 
mechanism is believed to be responsible for the phase 
transformation.
2.6 Strain in zirconia nanocrystals
The existence of different nanocrystal phases at 
room temperature depends on two aspects. One 
is the historical kinetic factor in the nucleation-
Figure 3 (a) TEM image of the yttrium doped T-ZrO2 nanocrystals. (b) EDS spectrum showing a 30% Y-doping, with the insert 
showing Y-doping of 2%, 10%, and 30%. (c) (e) XRD patterns showing the shift of diffraction peaks to small angle with the 
increasing doping fraction of yttrium
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growth stages; the other is the thermodynamic 
principle. The former is often associated with non-
equilibrium growth processes, while the later is 
mainly governed by the total energies of the surface 
and bulk, and the strain. Holmes et al. measured the 
heat of immersion of T-ZrO2 and M-ZrO2 prepared 
by calcining zirconium hydroxide in the range 600
1000 °C. They concluded that M-ZrO2 has a higher 
surface energy [34]. The heat of the T-ZrO2–M-ZrO2 
transformation/unit volume and transformation 
temperature is also known. Garvie et al. indicated that 
T-ZrO2 should be a more stable phase than M-ZrO2 
below a critical particle size of 10 nm at temperatures 
much lower than the bulk transformation temperature 
[37]. However, our results showed that not only pure 
T-ZrO2, but also pure M-ZrO2 nanocrystals, can be 
synthesized within this size limit and stabilized at 
room temperature. Therefore, the third factor—the 
intrinsic strain—should be taken into account. 
The Williamson Hall equation was applied to 
deduce the effective strain from the XRD data [50
52]:








                         
 (1)
where θ is the Bragg angle of the peak, λ is the 
X-ray wavelength, δ is the effective particle size, η 
is the effective strain, and β is the full width at half 
maximum (FWHM, in radians) estimated by the 
following equation:




                                   (2)
where β1/2 and βp are the FWHMs obtained for 
nanocrystals and micron-sized powders, respectively. 
Here βp = 0.25° is taken as a constant. β1/2 is extracted 
from the XRD patterns by Lorentzian multi-peak 
fi tting. To extract the effective strain (η) from the XRD 
patterns, (101), (112), and (211) peaks were selected 
for T-ZrO2, and (-111), (111), and (220) were selected 
for M-ZrO2. An approximation was made that very 
adjacent XRD peaks have the same FWHM value. 
For T-ZrO2, we assumed FWHM(112) = FWHM(200), 
FWHM(211) = FWHM(103); and for M-ZrO2, we assumed 
FWHM(-212) = FWHM(022) = FWHM(200) = FWHM(-122) 
= FWHM(-221). No shape factor of the nanocrystals 
was included. The Scherrer equation was applied to 
calculate the nanocrystal size, using the Lorentzian 
multi-peak fitting data β1/2 and θ. For T-ZrO2, the 
size is the average value of (101), (112), and (211); 
for M-ZrO2, the size is the average value of (111) and 
(-111).
A negative slope (η) of the linear fit of βcosθ 
to 2sinθ is indicative of compressive strain. The 
calculated nanocrystal size and the effective strain 
(η) are mapped in Fig. 4(c) (The calculation data can 
be found in Table S-1). For M-ZrO2, the compressive 
strain increases with decreasing nanocrystal size; in 
contrast, for T-ZrO2, the effective strain fluctuates 
around zero, indicating a relaxed strain state. For 
nanocrystals of the same size < 10 nm, M-ZrO2 
endures larger compressive strain than T-ZrO2. The 
size-related difference ∆η contributes to the total 
energy of the material. Therefore, for the first time, 
this gives direct evidence that T-ZrO2 can be more 
stable than M-ZrO2 for limited crystallite sizes, as a 
result of strain–size concerns. This is consistent with 
the theoretically calculated critical value of 10 nm, 
and also with the value of 30 nm calculated in the 
case of polymorphs with interfacial energies counted. 
Since the compressive strain increased drastically 
when the nanocrystal size was < 5 nm for M-ZrO2, 
this gives a convincing explanation for the fact that 
M-ZrO2 nanocrystals with size < 2.8 nm cannot 
be synthesized. From another perspective, a high 
intrinsic compressive strain is indispensable for the 
stabilization of M-ZrO2 nanocrystals with size 
< 10 nm. This is a likely reason why the martensitic 
transformation was not observed in our experiments.
The size-related effective strains can also be 
affected by doping. When the doping level was 
increased from 2% to 30%, the size of the Y:T-ZrO2 
nanocrystals decreased. The effective strain of 
2%Y:T-ZrO2 falls between the T-ZrO2 and M-ZrO2 
gap, while 10% and 30%Y:T-ZrO2 fi t well within the 
pure T-ZrO2 region. This indicates that doping with 
yttrium ions alleviates the compressive strain, and 
thus, yields the tetragonal phase.
2.7 Photoluminescence (PL) properties
The UV-vis absorption spectra of T-ZrO2 and M-ZrO2 
nanocrystals are shown in Figs. 5(a) and 5(b).  Since 
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bulk ZrO2 of either monoclinic or tetragonal phase 
has a forbidden band of about 4.9 5.0 eV [53, 54], the 
observed peak within the range 4.8 5.2 eV can be 
identifi ed as the band gap absorption.  
Figures 5(c) and 5(d) show the PL spectra 
measured for ZrO2 dispersed in cyclohexane. The 
spectra range from ultraviolet (300 nm) to the visible 
(600 nm). Although still somewhat controversial, it 
is generally accepted that for various oxide/sulfide 
nanomaterials, such as ZnS, ZnO, SnO2, SiO2, In2O3, 
and ZrO2, the relatively broad PL spectra arise 
from emission of the oxygen or sulfur defect states 
[30, 44, 45, 55 58]. The PL intensity of the yttrium-
doped ZrO2 nanocrystals was stronger than undoped 
samples, indicating higher defect density. For T-ZrO2, 
the PL spectrum peak shifted from 337 nm to 396 nm 
when the size increased from ~1 nm to ~3 nm. The PL 
spectrum of 2%Y:T-ZrO2 with a size ~5 nm showed 
a further red-shift to 458 nm. For M-ZrO2, the PL 
spectrum peak shifted from 402 nm to 442 nm when 
the size increased from ~4 nm to ~5 nm. Similar 
size-related PL properties have also been reported 
for the wide band semiconductors SnO2 and ZnS as 
nanocrystals and as nanorods/ultrathin nanowires 
Figure 4 (a) A typical T-ZrO2 XRD pattern with Lorentzian multi-peak fi tting. (b) A typical M-ZrO2 
XRD pattern with Lorentzian multi-peak fi tting. (c) Effective strain to nanocrystal size diagram for 
T-ZrO2, M-ZrO2 and Y:T-ZrO2. The starting end of the arrows indicate the M-ZrO2 synthesis system that 
was adapted to synthesize Y:T-ZrO2 nanocrystals
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[44, 57]. Figure 5(e) shows that by changing the 
excitation wavelength from 320 nm to 520 nm, the 
PL spectrum peak shifted accordingly. It was noticed 
that when the excitation wavelength exceeded 400 
nm, the PL intensity decreased drastically.
3. Conclusions
M-ZrO2 nanocrystals, pure and yttrium-doped T-ZrO2 
nanocrystals, and ultrathin T-ZrO2 nanowires have 
been successfully synthesized using a solvothermal 
method. The nanocrystal size, morphology, and phase 
can be well controlled by tuning the reaction system 
and by doping. The effective compressive strain in 
the M-ZrO2 nanocrystals increases with decreasing 
nanocrystal size. The difference in the strain-size 
diagrams of M-ZrO2 and T-ZrO2 gives direct evidence 
for the stability of T-ZrO2 and M-ZrO2 nanocrystals 
at room temperature. The controllability of the 
zirconia phases, morphologies, and sizes provides 
Figure 5 (a) Absorption spectra of T-ZrO2 nanocrystals and ultrathin nanowires. (b) Absorption spectra of M-ZrO2 
nanocrystals. (c) PL spectra of T-ZrO2. (d) PL spectra of M-ZrO2 nanocrystals. (e) PL spectra of M-ZrO2 nanocrystals 
(5 6 nm) with different excitation wavelengths. (f) and (g) Images of T-ZrO2 and M-ZrO2 nanocrystals, respectively, 
dispersed in cyclohexane and their fl uorescence under 365 nm excitation
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the basis for their surface and energy structure 
design. Therefore, tunable structural, semiconductor, 
and catalytic properties can be expected for such 
materials. 
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